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Evaluating the role of perturbations versus the intrinsic coherent dynamics in driving to equilib-
rium is of fundamental interest to understand quantum many-body thermalization, in the quest to
build ever complex quantum devices. Here we introduce a protocol that scales down the coupling
strength in a quantum simulator based on a solid-state nuclear spin system, leading to a longer
decay time T2, while keeping perturbations associated to control error constant. We can monitor
quantum information scrambling by measuring two powerful metrics, out-of-time-ordered correla-
tors (OTOCs) and Loschmidt Echoes (LEs). While OTOCs reveal quantum information scrambling
involving hundreds of spins, the LE decay quantifies, via the time scale T3, how well the scrambled
information can be recovered through time reversal. We find that when the interactions domi-
nate the perturbation, the LE decay rate only depends on the interactions themselves, T3 ∝ T2,
and not on the perturbation. Then, in an unbounded many-spin system, decoherence can achieve
a perturbation-independent regime, with a rate only related to the local second moment of the
Hamiltonian.
Extensive efforts are directed at storing and manip-
ulating quantum information with the goal of building
novel quantum devices [1]. As in experiments the number
of qubits increases [2–4], more precise control techniques
and a deeper understanding of quantum many-body dy-
namics become imperative. In particular, assessing the
degree of stability of multi-qubit superpositions is crucial
not only for technology but also for fundamental physics,
from statistical mechanics foundations [5, 6] to the quan-
tum information essence of space-time geometry [7, 8].
In the neighborhood of black holes, the elementary en-
tangled qubits inherent to a quantum field theory at the
Planck scale [9, 10] may be affected by a sort of “quan-
tum butterfly effect” similar to the Lyapunov instability
known to manifest in classical chaotic systems [11–13].
Of particular interest is to assess how local informa-
tion scrambles through a lattice of interacting spin qubits
due to unitary evolution, and how well we can protect
or recover the information from scrambling. In address-
ing these questions, a privileged position is still held by
Nuclear Magnetic Resonance (NMR), a quantum simula-
tor that allows to tailor Hamiltonian and even invert its
sign, effectively inverting the arrow of time. In addition,
solid-state NMR experiments can access large quantum
systems, revealing emergent behavior in the thermody-
namic limit [14–18].
Here we study the dynamics of a 3D nuclear spin lattice
under XXZ effective Hamiltonians with scaled interaction
strengths with the goals to (i) create a complex multi-
spin superposition through unitary dynamics, (ii) evalu-
ate the degree of scrambling, understood as the progres-
sive delocalization of initially localized information, and
(iii) quantify the degree of controllability of these states.
To characterize the dynamics we implement time reversal
to measure out-of-time-order correlators (OTOCs) and
Loschmidt Echoes (LE) [19] that reveal how perturba-
tive terms affect the performance of time reversal. Both
OTOCs and LEs are powerful metrics of information
scrambling and equilibration in a many-body systems,
inspired by the magic echo [12, 20] and NMR multiple
quantum coherence (MQC) experiments [21, 22].
To discriminate between effects due to the intrinsic sys-
tem dynamics and experimental errors, we develop con-
trol sequences that engineer a Floquet transverse dipolar
Hamiltonian whose strength can be scaled down by a fac-
tor ±δ. Inverting the Hamiltonian sign should ideally re-
focus the evolution and undo the fast scrambling of local
observables. Although our control protocol is imperfect,
thus giving rise to a signal decay, it still allows us to vary
the relative time scales between experimental imperfec-
tions and the dipolar Hamiltonian-induced scrambling.
Surprisingly, when trying to fully recover the initial in-
formation through a Loschmidt Echo, we find that this
recovery has a decay rate whose lower bound remains tied
to the strength of the Hamiltonian, i.e., to the dynamics
that we should have been able to refocus. We will discuss
how this result hints at the emergence of an intrinsic ir-
reversibility in the thermodynamic limit regardless of the
weakness of the perturbation terms.
Controlling the dynamics – We consider a sys-
tem composed by N interacting spins-1/2 (the 1H nu-
clear spins in poly-crystalline adamantane at room tem-
perature [1]) in the presence of a strong magnetic field,
B0 = B0zˆ. In the rotating frame, the Hamiltonian
(~ = 1) isH = −∑i ωiIzi +Hzd, where Iαi are spin-1/2 op-
erators (α = x, y, z). The first term is the Zeeman Hamil-
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2FIG. 1. Experimental Protocol (A) Forward (8Pδ-F) and
(B) backward (8Pδ-B) pulse sequences consisting of 8-pi/2
r.f. pulses with phases as indicated and interpulse delays
∆F1 = τ(1−δ), ∆F2 = τ(1+2δ), ∆B1 = τ(1+δ), ∆B2 = τ(1−2δ).
16-pulse versions of the sequences can be obtained by repeat-
ing the 8-pulse sequence with a pi shift of all pulses. (C) Con-
trol protocol to probe either forward or backward dynamics
with a scaled dipolar Hamiltonian. The dynamics is probed
measuring the total magnetization Iz by applying a pi/2 pulse
after a delay tw = 500µs that cancels spurious terms. (D)
By combining forward and backward evolution we observe a
Loschmidt echo. Inserting a variable-phase collective rotation
(ϕ) allows detecting MQC and extracting OTOCs.
tonian, with ωi the difference between the i-th spin’s and
the rotating frame frequencies. The second term is the
secular part of the dipolar Hamiltonian with respect to
the external magnetic field,
Hzd =
∑
i<j
dij(3I
z
i I
z
j − Ii · Ij), (1)
where the dipolar coupling strengths dij decrease with
distance as r−3ij . The system evolves under periodic trains
of r.f. pulses that create desired Floquet Hamiltonians.
Specifically, we designed pulse sequences, Fig. 1(A)-(B),
that engineer a scaled dipolar Hamiltonian, with a scaling
factor δ that can be adjusted by changing the time delays.
We refer to the sequences as MPδ-A, where A=B,F in-
dicates backward or forward respectively, δ refers to the
scaling factor and M= 8 or 16 denotes the number of
r.f. pulses. The 8Pδ-F,B (16Pδ-F,B) pulse sequences
were designed to have the same number of pulses and
cycle time tc = 12τ (24τ), where τ is a variable time
that enforces a safe minimum separation between r.f.
pulses. This ensures that experimental errors are the
same across all parameters employed, for both forward
and backward evolution. We monitor the evolution with
stroboscopic observations at multiples of the cycle time,
when the time propagator can be described by an effec-
tive time-independent Hamiltonian [24]. This Floquet
Hamiltonian can be obtained from a Magnus expansion
Hδ =
∑∞
i=0Hiδ, where H0δ represents the average Hamil-
tonian and Hi>0δ are the i-th order correction terms. The
forward (backward) sequence in Fig. 1C(D) yields the av-
erage Hamiltonian H0F,δ = δHyd (H0B,δ = −δHyd), i.e., a
rescaled dipolar Hamiltonian rotated to the y -axis [25].
The scaling factor δ is in the range [0, 1) for the forward
sequence, while it can only go up to 1/2 for the backward
sequence that effectively reverses the arrow of time [26].
Both sequences cancel contributions from the Zeeman
Hamiltonian, as well as other sources of dephasing. Fur-
thermore, longer versions of the sequences (16Pδ-F,B),
constructed by simply repeating the cycle with opposite
phases, cancel the first order corrections, H1δ (and all
other odd-order corrections), as well as refocusing any
heteronuclear dipolar interaction.
The experiments start with the system initially at equi-
librium in a Boltzmann thermal state, which in the high
temperature approximation can be described by the den-
sity operator ρ(0) = 1 /D+ δρ(0), with D the dimension
of the Hilbert space and δρ(0) ∝ Iz =
∑
i I
z
i . As the
identity does not evolve nor gives rise to signal, in the
following we will be concerned only with the deviation
δρ. The system evolution under a scaled dynamics can
be observed by applying the protocol of Fig 1(C): the
system Hamiltonian is quenched to the Floquet Hamilto-
nian ±δHyd by applying the pulse sequences of Fig. 1(A-
B); then the total magnetization Iz is measured after a
short waiting time tw by applying a final pi/2-pulse, prior
to signal acquisition (which records the transverse mag-
netization by induction). This protocol yields a signal
that provides a time-ordered correlation function:
P δz (t)=Tr
[
eitHδIze−itHδIz
]
=〈Iz(t)Iz(0)〉β=0. (2)
Scaled dynamics – To evaluate the performance of
the novel pulses sequences we used this protocol to mea-
sure the magnetization P δz as a function of experimental
time t under the 8Pδ-F,B pulse sequences and scaling
in the range δ = 0 − 0.4. We further consider the case
δ = 1, obtained by simply allowing free evolution under
the natural dipolar Hamiltonian (Eq. 1) in between two
pi/2-pulses and an additional pi pulse at half-time, to re-
focus the Zeeman dynamics. Also, we include evolution
under a period of high power on-resonance r.f. irradia-
tion of duration t that results in δ = −1/2 (Magic Echo
sequence [27]). The results in Fig. 2 clearly show that
the dynamics is modulated by the scaling factor, evolv-
ing slower as we decrease δ. We further check that both
forward and backward sequences give rise to the same
magnetization dynamics, a crucial result when one seeks
to achieve time reversal to evaluate Loschmidt echo and
out-of-time order correlations.
Ideally we would expect no evolution for δ = 0 [28]. In-
stead, the observed decay of P δ=0(t), reveals limitations
of the pulse sequence (non-zero higher order terms in the
Magnus expansion) and experimental imperfections, due
to uncorrected pulse errors. We can evaluate the effects
of the lowest order errors in the Magnus approximation
by applying symmetrized 16-pulse sequences that exactly
cancel out all odd-order terms. While the 16Pδ-F,B se-
3quences gives longer coherence times at δ = 0, the evolu-
tion for δ > 0 yields similar results [29], pointing to the
fact that the average Hamiltonian H0 is a good approx-
imation to the effective Hamiltonian, with imperfections
dominated by control errors. As the longer sequences
only allow sparser stroboscopic observations, we kept us-
ing the 8-pulse sequences.
To appreciate the effects of the scaling factor in a more
quantitative way, it is useful to plot the magnetizations
P δ as a function of the self-time, δt = δ × t, Fig. 2(B).
Remarkably, all the experimental results collapse to a
single curve, demonstrating the reliability of the 8Pδ-B
pulse sequence, as well as the control used for δ = 1 and
δ = −1/2. For most of the δ values, the signal is consis-
tent with an evolution dominated by the secular dipolar
spin interaction, as highlighted by the fact that the same
characteristic oscillation [3] appears around δt ≈ 100 µs.
For δ = 0.1 and below (not shown), the behavior slightly
departs from this common dynamics as we observe a sim-
ple decay. We can ascribe this result to the combina-
tion of two factors, the longer experimental time elapsed
to achieve the same self-time δt for smaller δ, and the
larger number of pulses required, which introduces more
experimental errors. The dynamics for larger δ can in-
stead be accurately fitted by the well-known function de-
scribing the signal decay under dipolar interaction [3],
P (t) = sinc(wt)e−
(ht)2
2 . The second moment and its cor-
responding relaxation time M2 = (1/T2)
2 can be calcu-
lated from the fitted parameters, 1/T2 =
√
h2 + w2/3.
We find that 1/T2 is proportional to δ, that is, the re-
scaled second moment is constant, 1/δT2 ≈ 23.4kHz.
This quantitatively confirms the robust behavior of the
scaled dynamics observed in Fig. 2.
FIG. 2. Magnetization dynamics for different scaling factors:
(A) Comparison of forward and backward evolutions (and
ME) with scaling factors 1 and−1/2, (B) backward evolutions
as a functions of the self-time, δt. In the inset: comparison of
forward and backward evolutions.
Time reversal – The ability to engineer an Hamil-
tonian with a negative scaling factor is key to evaluate
two quantities, the Loschmidt echo (LE) and the out-of-
time order correlator (OTOC) that can reveal important
properties of the many-spin dynamics. The Loschmidt
echo can be observed by combining a forward and back-
ward sequence (Fig. 1.B) for the same time t and scaling
δ, yielding the signal:
M δ(t)=Tr[eitH
δ
F eitH
δ
BIze-itH
δ
Be-itH
δ
FIz]=〈IzF (t)IzB(t)〉0 (3)
It is important to remark that if the time inversion
were perfect, that is HF,δ = −HB,δ to all orders, the LE
intensity would stay constant, Mδ(t) = 1, thus its decay
quantifies intrinsic and experimental imperfections.
OTO correlators and spin counting – If the
fidelity of forward and backward evolutions are good
enough, we can get more insight into the multi-spin
correlations created by the dynamics, widely known in
NMR as multiple quantum coherences (MQC) [31], by
measuring OTOCs. Note that by inserting a collective
spin rotation Φ = e−iϕIz between the two pulse se-
quences blocks (see Fig. 1D), the signal is just the OTOC
Sϕ = 〈Iz(t)Φ(t)Iz(t)Φ〉β=0. We can further evaluate the
OTO commutator [25, 32–34] Czz = 〈|[Iz, Iz(t)]|2〉β=0,
by repeating the experiment varying ϕ in integer steps,
ϕn = 2pin/Q, n = 1, ..., Q and extracting its discrete
Fourier transform [20], Sδq (t) =
∑Q
n=1 e
iqϕSδϕn(t). The
MQC intensities Sq represent the contribution of all co-
herences of order q in the density matrix of the multi-
spin state, where a coherence q with respect to a given
basis (here the Zeeman basis |mz〉) is any element 〈r|ρ|s〉
with s− r = q. While the sum of MQC intensities
yields the LE, their second moment, Q2 = ∑q q2Sq(t) =∑
n[Q
2 +Q/ sin(ϕn/2)
2
]Sϕn(t) yields the OTOC [17, 25],
Q2 ∝ Czz. We remark that this second moment has been
long interpreted in the NMR community as the number of
interacting spins during the forward evolution, N(t) = Q,
under the assumption that due to the strong scrambling
driven by spin-spin couplings all coherence orders acces-
sible to the interacting spins are fully populated [21, 31].
According to this picture, the MQC intensity distribu-
tion at a fixed t can be approximated by a Gaussian,
S(q,N(t)) ∝ e−q2/N2(t), which allows spin counting, that
is, evaluating the number of spins that have become cor-
related at time t [20, 35].
We extract the MQC intensities Sδq (t) by implement-
ing the pulse protocol in Fig. 1(D) with the 16-pulse se-
quence for several scaling factors and evolution times.
Each MQC distribution was fitted with a Gaussian to
extract its second moment. Figure 3 shows how the num-
ber of correlated spins N (that is, the square root of the
OTOC) grows as a function of the self-time. Even when
varying the scaling factor δ, the growth of spin corre-
lation always shows the same behavior, and we can fit
4FIG. 3. Spin counting for the 16- pulse sequence for different
scaling factors as a function of the self-time and the fitting to
a power law, N(δt) = Aδtb, resulting in b = 1.49± 0.04.
all the data to a single curve N(δt) ∼ δt3/2. This sug-
gests a diffusive spread of scrambling among 2100 states
of the Hilbert space in our adamantane 3D spin systems,
while confirming the good performance of the sequence
in scaling the dipolar evolution. This fast unbounded
growth contrasts with the linear growth recently observed
in linear chains [17] and weakly coupled molecules [34],
and with the saturation obtained under a non-interacting
Hamiltonian (the double quantum Hamiltonian [36, 37]).
Loschmidt echoes under scaled dynamics –
The success of both pulse sequences, MPδ-B,F in scal-
ing the evolution under the dipolar Hamiltonian is es-
sential to investigate the role of the scaling parameter
δ on the intrinsic irreversibility through the Loschmidt
Echo. Experimental imperfections, such as non ideal r.f.
pulses and higher order corrections to the average Hamil-
tonian, introduce a perturbative Hamiltonian term Σ,
which is not inverted by our control and thus produces
a decay in the echo intensity as a function of the evo-
lution time. We first consider the LE decay at δ = 0
(inset of Fig. 4(B)), which represents the decay only due
to these imperfections. We fit the Mδ=0(t) decay to the
model first proposed in Ref. [2, 18] (see [29] for details)
f(t) = exp
(
2Γ
2
σ2 − 2
√
Γ4
σ4 + Γ
2t2
)
. From this fitting we
define the characteristic time scale of the perturbations
Σ, TΣ, as the time associated to the half maximum in-
tensity.
Even for δ > 0, the LE should only decay due to imper-
fections in the control, while the main dynamics is refo-
cused by the time reversal. Still, we observe in Fig. 4 that
LE curves, normalized by Mδ=0(t), present decay rates
that increase with δ, since they overlap when plotted as
a function of self-time. The decays can be best fit to a
Boltzmann function (sigmoid), (1 + e−σ
2(δt−tc)2)−1 [29],
underlying an initial slow decay. Strikingly, the overlap
of all M δ as a function of the scaled time unveils that the
rate of intrinsic irreversibility in the many spin system is
directly related to the dominant Hamiltonian dynamics.
We can define a (scaled) characteristic time for the degra-
FIG. 4. Normalized Loschmidt echoes as a function of the
self-time, measured following the protocol in Fig.1.B, using
the 8Pδ pulse sequence, for different scaling factors. The
points are data, lines are Boltzmann function fittings. The
inset displays Mδ=0(t).
dation of the LEs, as a function of self-time, T˜3 = T
δ
3 δ,
given by the time corresponding to half maximum in-
tensity. To confirm our interpretation, we repeated the
LE measurements with the longer 16Pδ sequence, which
cancels the first order correction arising from finite width
pulses (∝ δtpi/2Ix). While we obtain a longer T˜3 time for
the symmetrized sequence (∼ 20% longer than for 8Pδ),
the critical observation that the decay rate is propor-
tional to the scaling δ still holds.
Following the analysis in Ref. [18], we plot the LE
decay rate, 1/T δ3 , versus the perturbation’s characteris-
tic rate 1/TΣ for the various pulse sequences we imple-
mented (8Pδ, 16Pδ and ME). Both rates are normalized
by 1/T δ2 , the second moment of the corresponding evolu-
tion P δ(t). When residual interactions (characterized by
TΣ) dominate the intrinsic dipolar dynamics (described
by T δ2 ) at small δ, the experimental points fall on a line
with slope 1 (T δ3 ≈ TΣ). At larger values of δ, instead, (in
the limit of vanishing perturbation T δ2 /TΣ  1), the ratio
T δ2 /T
δ
3 surprisingly saturates at a fraction R ≈ 0.15±0.02
of the reversible time-scale (Fig. 5). That is, thanks to
the good control we achieve in these many body systems,
we can probe a regime where reversible interactions re-
sponsible for information scrambling become dominant
over experimental imperfections and show that, as first
proposed in Ref. [18], it is these interactions responsible
for scrambling, which are in principle reversed by the LE,
that set the irreversibility rate revealed by the LE.
Conclusions – We introduced pulse sequences capa-
ble to engineer a dipolar Hamiltonian with a controllable
scaling factor and invert its sign. We demonstrate the
effectiveness of the pulse sequences in scaling the interac-
tions by showing that the signal following evolution under
the scaled dynamics collapses to a single curve as a func-
tion of the self-time for a wide range of scaling factors.
This is true not only when monitoring local operators via
the total magnetization, but also when measuring OTO
commutators via the MQC intensities. Thus the scaled
dynamics still drives information scrambling over a large
system, and we observe the number of correlated spins to
5FIG. 5. Decoherence rate 1/T δ3 vs. perturbation rate 1/TΣ,
both multiplied by T δ2 , for 8Pδ (blue) and 16Pδ (green). Also
shown ME data (δ = 1, red). Lines are fittings to the phe-
nomenological function (T δ2 /T
δ
3 ) =
√
R2 + (T δ2 /TΣ)
2. The
inset displays a zoom in of small value region.
grow with a single diffusive law as a function of self-time.
The good control we demonstrate enables studying the
source of Loschmidt echo decay, by defining their char-
acteristic decoherence time T δ3 . When the usually dom-
inating dipolar interaction has been canceled out by the
control (δ = 0), we can extract a direct measure of the
perturbation time-scale TΣ from the LE decay. Remark-
ably, when the dipolar interaction dominates (large δ),
we find T δ3 ' T δ2 /R, even if the LE should cancel the in-
trinsic dynamics. This result reinforces the Central Hy-
pothesis of Irreversibility hinted by previous experiments:
in a many-spin system in the thermodynamic limit, the
Loschmidt echo decays with a perturbation-independent
rate 1/T3, that is related to the local second moment of
the unperturbed Hamiltonian, in a similar role to a Lya-
punov exponent, and not to residual experimental imper-
fections. While this perturbation-independent time scale
of the LE decay set a strong limit to preserving quan-
tum information and avoiding thermalization, we note
however that the the decay law is neither an exponen-
tial [12] nor Gaussian [39], but closer to a sigmoid [40].
This indicates that in many-body systems, the evolution
remains fairly reversible for short times and it is only af-
ter a few times T2 that the scrambling dynamics becomes
irreversible to all practical purposes. This initially slow
decay opens the possibility to use error correcting proto-
cols to protect information.
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7Appendix
EXPERIMENTAL DETAILS
The spin system consisted of protons in polycrystalline
adamantane, a plastic crystal where the 1H spins form
a dipole-coupled many-spin system. In this sample the
rapid and isotropic rotation of molecules at room temper-
ature averages out intramolecular dipole-dipole interac-
tions as well as chemical shift anisotropy. Further details
on polycrystalline adamantane can be found in Ref. [1].
All the experiments were performed in a Bruker
Avance II spectrometer operating at 300 MHz Larmor
frequency under controlled temperature at 303 K.
The r.f. power was set to 125 kHz, resulting in pi/2
pulses of length tpi/2 = 2µs. The waiting time tw before
detection was set to 500µs, in order to allow the decay
of unwanted transverse magnetization. For the backward
or forward pulse sequences, the parameter τ associated
to the inter-pulse spacing, was selected in the range be-
tween 6 to 16µ s. For a given scaling factor, experiments
with different τ values were conducted. The curves dis-
played in Fig. 10 correspond to the τ values producing
maximum signal. Evolution times were studied in the
range 0 to 3ms. For multiple quantum coherence (MQC)
experiments, the phase increments ϕ were varied in 64
steps in order to encode up to 32 coherence orders. The
scaled dipolar evolution produces only even coherence or-
ders, although it was verified the existence of odd coher-
ences originating from experimental imperfections, with
intensities much lower than the dominant even orders.
Loschmidt echoes and MQC encoding experiments im-
ply the application of forward and backward blocks with
the same scaling δ, that is in the range of 0 to 0.42. Non-
ideality of pi/2 pulses was taken into account.
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FIG. 6. Loschmidt echo for δ = 0 and the fitting curve.
QUANTIFYING THE RESIDUAL INTERACTION
Once the scaling factor vanishes, δ = 0, only high order
terms in the Magnus expansion remain, including those
due to control imperfection. These residual interactions
produce the decay of the Loschmidt echo. While a sim-
ple Gaussian fit is already a good approximation of the
decay, further physical insight, especially about the long-
time, exponential behavior, is gained by considering the
Flambaum-Izrailev law [2], which describes both decays:
M δ=0(t) = exp
(
2
Γ2R
σ2R
− 2
√
Γ4R
σ4R
+ Γ2Rt
2
)
(4)
Fitting the experimental data we obtain
ΓR = (2.08± 0.63) 1/ms
σR = (0.708± 0.008) 1/ms.
As ΓR is large, at short times the decay is Gaussian, with
M(t) = exp
[−σ2Rt2] = exp[−t2/2T 2∗ ]
This short time decay has to be compared with the decay
of the polarization due to a forward evolution in a spin
environment, using the model proposed by Abragam [3],
which quantifies the second moment of the local interac-
tions M2
P (t) = exp
[−a2t2/2] sin[bt]
bt
' exp[−M2t2/2] = exp[−t2/2T 22 ]
Experimentally,
T2 = 0.03834ms T∗ =
√
2/0.708 = 1.998ms,
which indicates that the scaling pulse sequence plus the
Loschmidt time reversal procedure has almost frozen the
spin dynamics to the point that the second moment of
the residual interactions represents only 2% of its orig-
inal value. Since these residual interactions, being high
order, are not restricted to the original lattice geometry
nor to two-body interactions, but involve instead a huge
connectivity in the Hilbert space [4], such a reduction
in the effective second moment is quite remarkable and
indicates that the original interactions have been quite
efficiently eliminated.
On the other hand, for longer times the LE decays as
M(t) = exp[−2ΓRt].
This exponential regime can be obtained from a Fermi
Golden Rule derivation,
ΓR/~ =
pi
~
σ2R
1
σ1R
8where 1/σ1R = N1 is the Density of Directly Con-
nected States of the residual interaction, or correla-
tions function of the environmental spins, after the scal-
ing and the Loschmidt’s time reversal procedure has been
applied. From the experimental fit we obtain
σ1R = 0.759± 0.232(ms)−1
which then leads to:
σ1√
2
= 0.525(ms)−1 ' 1
T∗
≡ σR√
2
 1
T2
This result means that after scaling and time reversal
the remaining spin dynamics can be essentially assigned
to a residual network of interacting spins where the ef-
fective interaction itself have been scaled down by two
orders of magnitude respect to the original interaction.
i.e. the scaling is a global effect. The finding σ1 ' σR,
confirms that Gaussian decay contains the right physics
for all practical purposes.
LOSCHMIDT ECHOES AS A FUNCTION OF
SCALED TIME, δt.
Figure 7 shows that only by normalizing to Mδ=0(t) we
obtain a single behavior for all scaling factors δ. Indeed,
while the left plot shows the overlap of all the curves, in
the right plot we observe instead that the different curves
are ordered by the scale factor, decaying faster for smaller
δ factor. This fact can be understood by taking into
account that for a given δt value, the data corresponding
to smaller δ, are obtained with a measurement with a
longer experimental time, and therefore more affected by
errors, which are removed when normalizing.
FIG. 7. Loschmidt echoes as a function of scaled time, δt.
Left side: Normalized Mδ(t) by dividing to Mδ=0(t). Right
side: the same data without normalization.
COMPARISON OF NORMALIZED LOSCHMIDT
ECHOES FOR 8P AND 16P SEQUENCES
Each set of LE curves as a function of δt overlap
into a single behavior, one for 8P and another for 16P
(see Fig. 8). We can observe that the behavior for 16P
presents a longer characteristic time for the decay. This
fact can be understood taking into account that the 16P
sequence cancels out the H(1) of the AHT.
FIG. 8. Normalized Loschmidt echoes as a function of scaled
time, δt for 8P and 16P sequence.
FITTING THE LOSCHMIDT ECHO CURVES
We compare models for fitting the LE decay (for
δ > 0), in particular we consider fitting either to a
Gaussian or a Boltzmann function, with equation f(t) =
A2+(A1−A2)/(1+exp((x−x0)/dx)). In figures 9 A-B,
we display, as an example, the LE data without normal-
ization corresponding to δ = 0.3 and δ = 0.42 respec-
tively. In the case of non-normalized LEs, fittings with a
Gaussian curve or a Boltzmann one are both acceptable,
although the Boltzmann one is better.
Figures 9 C-D display the normalized LE correspond-
ing to the same δ = 0.3 and δ = 0.42 respectively. In
these cases we can see that Bolzmann fittings are much
better than Gaussian ones.
LOSCHMIDT ECHOES AS A FUNCTION OF
EXPERIMENTAL TIMES
In Fig.10(A) we display the normalized LE by dividing
to M δ=0(t), as a function of the experimental time. In
this case the curves appear ordered by the scaling factor
9A B
C D
FIG. 9. Loschmidt Echo without normalization for (A) δ = 0.3 and (B) δ = 0.42 and corresponding fitting curves. C-D:
Loschmidt Echo with normalization for (C) δ = 0.3 and (D) δ = 0.42, and fits.
δ, decaying faster for larger δ values. In Fig.10(B) the
same curves plotted vs. the scaled time δt overlap in a
single behavior.
OBTAINING T2 AND T3
The forward or backward dynamics can be fitted by
the well-known function describing the signal decay un-
der dipolar interaction [3], P (t) = sinc(wt)e−
(ht)2
2 . The
second moment and its corresponding relaxation time
M2 = (1/T2)
2 can be calculated from the fitted parame-
ters, 1/T2 =
√
h2 + w2/3. We find that 1/T2 is propor-
tional to δ, fitting a linear curve, that is shown in Fig.!11.
From this fitting we obtain the 1/T2 values as a function
of δ used in Fig. 5 of the main paper.
The T3 values were obtained from the non-normalized
LE as a function of experimental time. T3 corresponds to
the time associated to the half maximum intensity. Note
that these values are independent of the fitting curves
mentioned in the previous section.
The TΣ values were obtained from the LE for δ = 0. It
corresponds to the time associated to the half maximum
intensity. Note that this times are independent of the
fitting curve (and it’s TΣ ≈ T∗).
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FIG. 10. Normalized Loschmidt echoes as a function of (A) experimental time and (B) scaled time, for different δ performed
with the 8P sequence.
Scaling factor, 
M
2
FIG. 11. Square root of the second moments vs. scaling δ.
Dots are data, while the blue line is a linear fit, yielding a
slope of 26.77(.06) and intercept -0.71(.03).
